An im pact fusion driver is discussed which has the potential to accelerate a rocket-like small m etallic projectile by a travelling magnetic wave to a few 100 km /sec over a reasonable dis tance. The propellant removes the heat produced in the projectile by resistive losses o f the induced electric currents, and is thereby ejected from the projectile at a modest tem perature. After having left the projectile, the propellant is shock-heated by the strong magnetic field of the travelling magnetic wave to high tem peratures forming a high velocity jet. The total thrust on the projectile is the sum of the magnetic and recoil forces. In comparison to a rocket, the efficiency is much larger, with the momentum transferred to the gun barrel rather than to a tenuous jet.
Introduction
The first drivers proposed for inertial fusion (proposed even prior to laser-or electron-or ionbeam drivers) have been macroparticle accelerators, capable of accelerating small projectiles to velocities o f a few 100 km /sec [1] . The principle of this inertial fusion concept, also known under the name of impact fusion, is explained in Figure 1 . A pro jectile P coming from the left at high velocity strikes a fusion fuel em bedded in a conical cavity of an anvil. First, upon impact, the fusion fuel is shockheated to high tem peratures, followed by an almost adiabatic compression and heating until ignition with subsequent therm onuclear bum. The conical implosion configuration ensures fast compression, minimizing the impact velocity needed to overcome the bremsstrahlung-losses.
A theoretical analysis o f this configuration done by the author may years ago, showed that the minimum velocity required would be ~ 200 km /sec [2] . This result, obtained by a similarity solution, has been later confirmed by other researchers using numerical m ethods [1] .
The advantage of impact fusion over other iner tial confinement fusion concepts is that it perm its a much smaller target compression (less than 100 fold) compared to a ~ 1000 fold compression needed with beam drivers. The reason for the substantial reduction in the required compression is that in Reprint requests to Prof. F. Winterberg, Desert Research Institute, University of N evada System, Reno, Nevada 89506, USA. impact fusion the target is strongly tam ped by the high velocity projectile, whereas in beam induced inertial fusion the target must be compressed ablatively. Another im portant advantage of impact fu sion is its ability to make for a large stand-off distance between the reactor wall and the microex plosion.
The only known means by which the high projec tile velocities required for im pact fusion can be reached are magnetic accelerators.
One version of these magnetic m acroparticle ac celerators is the magnetic dipole accelerator. Its working principle is shown in Figure 2 . It consists of many magnetic field coils, also called driver coils, each one activated by a current pulse from a capaci tor. The projectile to be accelerated inside these coils is a small magnetic dipole. It can be a fer romagnetic projectile, a small superconducting solenoid, or even a good conductor. In case the projectile is a ferrom agnet or superconductor, it has a perm anent dipole m om ent impressed on it. In case it is an ordinary conductor, it acquires a dipole moment by electric currents induced in it through the rapidly rising magnetic field of the driver coils. The acceleration of the projectile is achieved through synchronizing the closing of the switches activating the driver coils. The switches must be closed in the moment the projectile position coin cides with the position of the driver coils. The one distinctive property the m agnetic dipole accelerator has over other m agnetic acceleration schemes, is that the projectile does not have to be in physical contact with the structure o f the accelera tor. Because only then is it possible to reach, in principle at least, arbitrarily high velocities. In those other magnetic acceleration devices, for example the railgun, where the projectile is in physical contact with the wall, friction losses lead to a boundary layer separating the projectile from the wall, which at large velocities radiates at a very high rate. The tem perature of the boundary layer rises with the 2nd power o f the projectile velocity. Black body radiation losses, which are proportional to the 4th power of the tem perature, would there fore rise with the 8th pow er o f the velocity. This means that the losses would become intolerable above a certain velocity. Estimates show (see Ap pendix II), why because o f these losses only dipoletype magnetic accelerators have a chance to reach the high velocities of a few 100 km /sec as they are required for impact fusion.
The idea to launch a ferrom agnetic projectile by a travelling magnetic wave can be already found in the works of Oberth [3] , An electromagnetic launch er, using a superconducting projectile was proposed by M aisonnier [4] and the author many years ago [5, 6] . More recently, G arw in, M uller and R ichter [7] have proposed to use high saturation Field strength ferromagnetic projectiles, made up of such exotic substances as gadolinium or holmium.
One common problem of all magnetic dipole accelerators has to do with the switching of the driver coils. The length of the driver coils must be about equal to the length of the projectile to be accelerated. For impact fusion the projectile should be not larger than ~ 1 cm. At a projectile velocity in excess of 107 cm/sec, the switching would therefore have to be done very fast, in less than ~ 10-7 sec.
The magnetic force accelerating the projectile in the --direction is given by (in electrostatic-cgs-units) 
and which is about the same as (1.6).
Unfortunately, due to the tensile strength of the driver coils and projectile, the magnetic field cannot be made arbitrarily large. If the tensile strength of the coils (or projectile) is <rs, equating the magnetic shear stress 7 /2/4 n with as leads to H= Hm ax= fÄnöi. ( 
1.8)
For gs ~ 1010dyn/cm 2, which is typical for steel but also for other high tensile strength materials, one finds / / max ~ 3 x 105 G.
In addition, the m axim um possible acceleration is not determined by the tensile strength alone, but also by the length of the projectile. The acceleration a produces inside the projectile a pressure gradient, with the maximum pressure given by
Pm ax
QgI) (1*9) where q is the density of the projectile m aterial and / its length. Equating />max with as leads to ö m a x = C T S/ / Q = ( / / m a X/ 4 71)/q I.
( 1 .1 0 ) Equation (1.10) shows that the acceleration increases with decreasing /. However, it is not possible to make / arbitrarily small, because this would require to make the magnetic field gradient arbitrarily large, which is assumed to be o f the order HI I. The acceleration also increases with decreasing q, but there is, of course, a practical lower lim it on q. W ith (1.10) the minimum length L o f a m agnetic acceler ator to reach a projectile velocity v is given by
Assume, for example, that q ~ 3 g /c m 3 (valid for some light metal), / ~ 1 cm, and v = 2 x 107 cm/sec. One there finds L ~ 600 meters. One drawback, shared by both superconducting and ferromagnetic projectiles is, that they cannot be accelerated with the maxim um magnetic force per mitted by the tensile strength. The m axim um m ag netic field in either case is about 5 -1 0 times smaller than what the tensile strength would perm it, resulting in a ~ 25 to 100 times sm aller acceleration, and a 25 to 100 times larger length o f the accelera tor. This would mean an accelerator from 15-60 km long. In reality, the accelerator would be even longer, because both superconductors and high-field ferromagnets have a rather high density. An acceler ator 100 km long would therefore be a more realistic estimate.
Only ordinary conductors permit magnetic body forces which reach the upper limit set by their tensile strength, and they also can be made of light metals, for example aluminum. Now however, a new problem arises, because there the projectile acquires its large magnetic moment through in duced electric currents. These large electric currents heat the projectile by resistive losses, with the result that it vaporizes before reaching a high velocity. This problem is fatal for small cm-size m acropar ticles, and an estimate of the maximum attainable velocity under these circumstances is given in Ap pendix III. It falls short of what is needed for impact fusion. W ould it not be for the vaporization prob lem, magnetically accelerated light-weight ordinary conductors would make the shortest magnetic macroparticle accelerators.
Electromagnetic Rocket Gun
To overcome the different problems for magnetic dipole accelerators outlined in the introduction, we propose a novel accelerator concept called electro magnetic rocket gun. To reach the maximum pos sible magnetic body force perm itted by the tensile strength, it uses ordinary conductors. But in addi tion, the projectile to be accelerated by the m ag netic forces is now also a rocket. As in a rocket, where the propellant cools the rocket and thereby prevents it from burning up, the same happens here, except that the heat is produced by resistive energy losses, not by a chemical reaction. In addition to serve as a heat sink, the propellant of the electro magnetic rocket gun itself is also resistively heated by the magnetic field pushing against the projectile. This results in a large exhaust velocity of the propellant adding to the thrust of the magnetic body force accelerating the projectile. But unlike a rocket, the propellant receives its energy externally. For a given magnetic field strength the resistive heating rate goes up in proportion to the projectile velocity and by which the exhaust velocity also goes up with the projectile velocity. Also unlike a rocket, the recoil m om entum is transm itted through the magnetic force field to the gun barrel rather than the exhaust. Because of both of these effects, first the increase in the exhaust velocity, with the pro jectile velocity, and second the momentum transfer to the massive gun barrel, the acceleration is much more efficient than for a rocket where the exhaust velocity is constant with the recoil m omentum going into a tenuous jet.
The propulsion of the projectile is caused by the same kind of mechanism as in hybrid arc-magnetogasdynamic rocket propulsion [8] . The therm al arc heating alone would produce an exhaust velocity wg given by w\=2h,
where h is the enthalpy of the arc-heated gas. For an ideal gas of specific heat at constant pressure cp, heated by the arc to the tem perature T, one has h = cp T, and hence w2=2cpT.
(2.2)
However, it was shown by Maecker [9] , that for an arc-heated plasma expanding in a magnetic field there is in addition to the pure gasdynamic force a m agnetohydrodynam ic body force. It alone would lead to a plasma velocity vvH given by
where I and j are the total electric current and current density in the arc plasma, both m easured in electrostatic cgs units. W ith the help o f Maxwell's equation (4 n/c) j = curl H, where H is the magnetic field, (2.3) takes the form
The arc occurs because the magnetic field dif fuses into the plasma and which results in resistive heating. If the magnetic field has completely pene trated the plasma, the enthalpy per volume, q cp T, of the plasma is equal to the magnetic energy density H 2 /8 n, hence
The total exhaust velocity w is therefore given by
and which shows that the thrust is twice as large if only one of the forces would act alone. Before entering the region where the arc burns, the gas is pre-heated within the projectile by the transfer of the heat produced by the resistive losses inside the projectile. If not cooled by the propellant, the projectile would burn up as a result of this resistive heating. We therefore may assume a pro jectile tem perature of ~ 103 K, just below the melt ing point of the projectile material. If, for example, the propellant is hydrogen, it would at such a tem perature be expelled from the projectile with a velocity of a few km /sec, for example r0= 3 x 105 cm/sec. In entering the magnetic field, an electric field E is induced inside the gas moving with the velocity r 0 into the magnetic field, and which is given by (measured in electrostatic cgs units)
where H is the magnetic field strength measured in Gauss. If, for example, H ~ 105G, it would follow that E ~ 1 esu = 300 Volt/cm. This voltage is more than enough to start by electric breakdown an arc in the gas entering the magnetic field. One further im portant advantage this new con cept has in comparison with other types of magnetic travelling wave accelerators, is that because the plasma jet can be much longer than the projectile, the length of the travelling magnetic wave can be made much longer too. The time needed to turn on the magnetic field can therefore become much longer, eliminating the problem associated with the short times to turn on the field. If, for example, the projectile moves with a velocity of 100 km/sec = 107 cm/sec, and if the length of the plasma jet is 30 cm, the switching time would be increased from ~ 10" 7 sec to 3 x 10-6 sec.
According to (1.10), the larger length /, of the rocket-like projectile, would reduce the maximum possible acceleration but this is offset by the low density of the propellant, reducing the average density of the overall projectile assembly. The small average density is then possible, if the propellant is subjected to pressure forces only, with the encase ment balancing the rem aining shear stresses.
A way how the electromagnetic rocket gun can be realized is shown in Figure 3 . A conducting metallic projectile P, being hollowed out except for its payload section PL, is placed in front of a travelling magnetic wave. The hollowed out part of the pro jectile is filled with some propellant F, preferably solid hydrogen. Hydrogen is the optimal propellant because its radiation losses are low at the tem per atures reached. The projectile is placed in front of a travelling magnetic wave, generated by the field coils MC. The rising magnetic field at the front of the travelling magnetic wave induces surface cur rents in the back part of the hollowed out projectile. The dissipation of the currents produces heat by which the solid hydrogen propellant is slowly va porized. The vaporized hydrogen thereafter enters the region behind the projectile where the magnetic field rapidly rises. In entering this region, the hydrogen gas is first shock-heated to high tem per atures and becomes ionized. The rising magnetic field further compresses and heats the hydrogen plasma, until it has reached the position o f the travelling magnetic wave where the field strength is at its maximum value, and where the magnetic field has the shape of a magnetic mirror. In passing through the magnetic m irror the hot hydrogen plasma is ejected as a jet J with high speed. The projectile is accelerated because of both the m ag netic pressure force and the recoil force of the jet. During its acceleration the projectile loses mass and it therefore behaves in part like a rocket. But because the projectile is also accelerated by the magnetic pressure force, it also acts in part like a projectile fired by a magnetic gun. In addition to the propellant, the metallic encasement holding the propellant, too is slowly ablated and ejected, there by also contributing to the recoil-produced thrust. Both, the high conductivity of the encasement and o f the plasma, ensures that the magnetic pressure by the travelling wave can exert its full force on the projectile.
To prevent the projectile from touching the wall, and which would result in disastrous black body radiation losses, it must be made from some ferro magnetic material. By magnetic feedback control it can then be steered to stay away from the wall.
The continuous evaporation of the propellant prevents the projectile from being melted, and by a proper choice of the thickness and conductivity of the metal encasing the propellant one can arrange that the Joule heat produced in the encasement by the travelling magnetic wave gives the right evapo ration rate of the propellant.
The concept differs in at leat three significant points from a rocket: First, the energy is here supplied externally. Second, the travelling wave produces a magnetic pressure force, in addition to the recoil-force produced by the hot plasma jet. Third, unlike in a real rocket, the nozzle is here externally established by the magnetic field, radial ly confining the plasma jet.
The concept has, of course, also similarities with electromagnetic guns, but it significantly differs from those guns because the projectile also behaves like a rocket. It is for these various reasons, making it quite unique, that we call this macron-accelerator an electromagnetic rocket gun.
The Acceleration Physics
The magnetic body force density /a c tin g on the projectile is given (in electrostatic units) by
where j is the current density vector, H the magnetic field and c the velocity of light. From Maxwell's equation
we obtain / = --HxcmlH. After the vaporized and preheated propellant has left the rearside of the projectile, it is, like in a theta pinch, shock-heated in entering the region occupied by the strong magnetic field. Because the magnetic field is very strong the propellant becomes a plasma. If the atomic num ber density of the plasma is n, and if all the magnetic energy, with an energy density H 2 / 8 n, is converted into heat, one has (see Ap pendix I)
valid for a singly ionized plasma, for example a fully ionized hydrogen plasma.
After it is heated to the tem perature given by (3.7), the plasma becomes a jet. The jet is radially confined, both by the magnetic field and the wall of the gun barrel.
The jet produces a recoil force acting on the projectile which is given by
where v is the jet velocity relative to the projectile and dm/dt the mass ejected per unit time. If q is the density of the jet one has We now make the special assum ption that in each moment during the acceleration of the projectile the jet velocity v is equal to the projectile velocity. We show later that this assumption can be satisfied by a properly programmed evaporation rate of the pro pellant. If the jet velocity is always equal to the projectile velocity, then, as seen from a frame at rest with the magnetic gun, the jet comes to rest and no kinetic energy is lost into the jet. U nder this special mode of operation the efficiency of the rocket drive is always maximized.
The equation of motion of the projectile is now given by where m0 is the initial projectiles mass at the time t = 0, and where v = v0 is the initial projectile veloc ity. Comparing (3.17) with the rocket equation v = t'o In (mo/m), where t'0 is there the constant ex haust velocity, we see that for the same mass ratio mo/m, much higher velocities can be reached with the electromagnetic rocket gun than with rockets. If, for example, t'0 = l k m / sec and m0/m = 10, then v = 100 km /sec is possible, whereas for a rocket v ~ 2.3 km /sec only. O f course, the electromagnetic rocket gun needs a gun barrel and the affordable length of this gun barrel sets a practical upper limit for the attainable velocity. If we assume that the total force F = A H 2/ 4 n, is constant, the equation of motion of the projectile can be integrated in closed form. We have
from which we obtain the first integral
with the asymptotic expression for large /:
If z is the distance the projectile has moved down the magnetic gun barrel, with z = 0, at / = 0 and v = V q, a second integral is obtained from (3.19), after putting v = dz/df.
with the asymptotic expression z -*• ( l/1 2 ) ( F 2/w oro) / 3-(3.22)
Eliminating the tim e t from (3.19) and (3.21) gives us a relation between v and the acceleration length z:
For v ^ vo this is asymptotically From (3.25) we Find for the rate the rocket loses mass:
with the asym ptotic limit
The power needed to drive the projectile is given by
Finally, the propulsion efficiency is given by In the lim it m/m0 -* ■ 0 one has rj -» 3/4 = 75%. (For smaller mass ratios m0/m, rj is larger.) The electro magnetic rocket gun has a lower efficiency than a pure electromagnetic gun, but the price in a lower efficiency is well paid because it prevents the vapor ization o f the projectile.
Thermodynamic Considerations
The travelling magnetic wave induces surface currents in the metallic encasement of the propellant and which are dissipated into heat. The heat is thermally conducted into the solid hydrogen and which evaporates. The hydrogen is thereby heated at the rate With (4.4) and (4.5) we obtain from (4.3) a condi tion for the conductivity, resp. thickness < 3 of the encasement:
(4.6) Equation (4.6) ensures that the vaporization rate matches the mass flow rate of the jet, with the jet having the same speed as the projectile. Therefore, if (4.6) is satisfied, then also the assum ption follow ing (3.14) , that the jet velocity is equal to the projectile velocity, is satisfied. For the example, H= 105G, g = 4 x 10_6g /cm 3, v = 107 cm/sec and cp T0 ~ 1010 erg/g, we find ab ~ 3 x lO 17 cm/sec. Therefore, if 0.1 cm, one must have a ~ 3 x 1018sec-1. This large conductivity can be reached with ordinary conductors at cryogenic temperatures.
The evaporation velocity can be com puted from (4.5). For the example q = 4 x 10-6 g/cm 3, i>=107 cm/sec and qh = 7x 10-2 g/cm 3, we find i;ev~6 x 103 cm/sec.
The density and tem perature of the plasma jet are determ ined by (3.7). One finds where R = 8.31 x 107 erg/g K is the universal gas constant. For the example H = 105 G, v = 107 cm/sec we find q ~ 4 x 10-6 g /c m 3, or n ~ 2.5 x 1018 cm -3, and r~4 x l 0 5 K. For the im pact fusion velocity v ~ 200 km/sec, we find T ~ 1.6 x 106 K and q ~ 10" 6 g /cm 3. The part of the metallic encasement which con tains the hydrogen is after its vaporization not more cooled and therefore will also be ablated. To com pute the ablation velocity of the encasement, a similar calculation as for the evaporation velocity of the propellant can be made. The rate of the therm al energy released per unit volume in the encasement is
The ablation velocity r ab is related to the melting tem perature Tmax by e = Q 0cpdT/dt ~ Q q cp r max r ab/<5, (4.10)
where Q o is the density of the encasement and cp its specific heat. From (4.9) and (4.10) one then can compute rab:
At the high melting tem perature the conductivity is smaller, and we assume that it is o ~ 1016 sec-1.
Using this value of a we find for the example H = 105 G, £?o cp ^max ~ 1010 erg/cm 3 and Ö ~ 0.1 cm, that rab ~ 104 cm/sec. By order o f m agnitude this is about the same as t'ev and which ensures that the encasement is rapidly ablated after the hydrogen propellant has been vaporized.
T ensile Strength C onsiderations
The general lim itation set by the tensile strength is expressed by (1.10). It does not take into account that the projectile has a propellant surrounded by an encasement. Even though the liquid or solid propellant can withstand large compressive forces, stresses resulting from shear must be balanced by the encasement. We will therefore supplement (1.10) by a more detailed estim ate for the required thick ness of the encasement.
The thickness <5, o f the encasement must be large enough to withstand the magnetic pressure. If as is the tensile strength of the encasement, the m axi mum pressure force per unit length it can withstand At v = 2 x 107 cm/sec one computes from (4.7) 0 ~ 10~5 g/cm 3, or «~1 0 19cm -3, and from (4.8) 106 K.
Appendix I
If a plasma of finite conductivity is shock-heated and mixed with a magnetic field, eddy currents dis sipated within the plasma heat up the plasma until the magnetic field energy becomes equal to the internal plasma energy. This fact, expressed by (3.7) can be easily proved.
The mixing and resistive heating can occur in a num ber of ways. The most im portant modes of dissipation are turbulence and shock waves, the First one for subsonic and the second one for supersonic flow of the propellant relative to the magnetic field. Furtherm ore, in the presence of magnetic fields, collisionless shock waves are possible which imply an anomalous high resistivity of non-collisional origin.
Using electrostatic cgs units, the resistive dissipa tion rate per unit volume is given by where a is a characteristic length over which the magnetic field changes. In case of anom alous resis tive dissipation A is a measure for the shock thick ness. The total energy which can be dissipated is At tem peratures near the melting point the conduc tivity is comparatively low, even if it was high at normal temperatures. We may therefore assume that a ~ 1016sec-1. Then, for the example cpTm ax ~ 2 x 109 erg/g, and / ~ 1 cm, we find r max ~ 2 k m / sec.
